With the popularization and development of drip irrigation under film, the problem of secondary soil salinization in Xinjiang is becoming more and more serious. To explore water and salt transport in drip irrigation under mulch and drainpipe drainage, drainage tests of drainage ditches in saline-alkali soil in the Xinjiang 112 group were used to monitor soil salinity changes by controlling field irrigation. Then, a HYDRUS (PC-Progress, Prague, Czech Republic) numerical model was used to simulate and analyze the changes in salinity during cotton growth and the autumn salt return stage in saline-alkali soil under drainage conditions. The agreement between the simulated and measured values was high, and the model parameters were reliable. During the growth period of cotton, the salinity continued to decrease, and the salt began to return after the harvest. Compared with before planting, in the 0-80 cm soil layer, the average desalinization rate reached 43.52% under the mulching films, and the average desalinization rate reached 13.83% under and between the mulching films. After the cotton was harvested, salt returned to the upper layer of soil. However, it still showed a decrease compared with the level before sowing. The average salt content of 0-80 cm soil decreased by 5.14%, and the average salt content of 0-200 cm decreased by 2.60%. This shows that the total salt content in soil will continue to decrease after long-term use of drip irrigation and underground pipe drainage.
Introduction
Drip irrigation technology under mulch has become popular in Xinjiang; thus, the original drainage canals were gradually abandoned, and the "drip irrigation without drainage" pattern was formed [1, 2] . This model can moisten the root layer in a short time and temporarily desalinate the root layer. However, in the long run, it aggravates the secondary salinization of soil [3, 4] . Liu et al. [5] reported that after the end of the cotton growth period, soil salinity increased in the top 60 cm and accumulated strongly at a depth of 0-20 cm between the mulching films. Mu et al. [6] reported that small-scale irrigation did not produce deep leakage, that salt was not removed from soil, and that a lot of salt gathered in the deeper soil. Yi et al. [7] reported that salts gradually accumulated with the prolongation of drip irrigation under mulch, and the accumulated salts gradually migrated to the surface before irrigation.
Drip irrigation with drainage is an effective method to improve saline-alkali land. Drainage measures mainly include open trench drainage, pipe drainage, and shaft drainage, etc. [8] , of which Area; (d) Shawan County. Note: The red five-pointed star represents the area indicated by the red arrow, and the last red five-pointed star represents the location of the test area.
Test Methods
The pipe drainage system was used in the test area, and the water discharged from the underground pipe converged into the collecting ditch with a spacing of 48 m. Irrigation water was taken from the large canal on the west bank of Manas. There was a blocking ditch between the test area and the large canal to reduce the underground water level and decrease the influence of the large canal on the underground water level in the test area. A cross section of the test area is shown in Figure 2 . In the experimental area, a single-wing labyrinth drip irrigation belt was used for irrigation. The dripper flow rate was 3.2 L/h. The distribution mode of the dripper was one mulching film, two tubes, and six rows. The mulching film was 0.015 mm thick, 2.2 m wide, and was placed 40 cm apart, as shown in Figure 3 .
According to the observation wells, groundwater depth in the test area fluctuated during the irrigation season (April-October) between 1.75 and 2.1 m, and the groundwater depth during the non-irrigation season was below 2.2 m, as shown in Table 1 . The crops planted in this experiment were cotton, and drip irrigation under film was adopted. Cotton was sown on 15 April and harvested on 30 September. Samples were taken three times during the whole growth period. The HYDRUS model was used to simulate the salt transport during the whole growth period. The simulated values were verified by measured values. On this basis, we used the HYDRUS model to predict the return of salt in autumn. In this study, the reference crop evapotranspiration was calculated by the Penman-Monteith formula, and the crop water demand was estimated by Formula (1) . The crop coefficient adopted the cotton standard crop coefficient recommended by FAO-56 (Food and Agriculture Organization of the United Nations), and then the irrigation schedule was determined according to the local irrigation experience, as shown in Table 2 . Winter snow cover in Xinjiang melts in early April, and the upper layer of soil becomes nearly saturated. To study the change in the salt discharge effect under drip irrigation leaching at different distances from the underground pipe, sampling points were set at 8, 16 , and 24 m (Figure 4 ) to analyze the change in soil salinity. Three sampling points were set for each distance, and the distance between sampling points was 3 m. The sampling points were all in the film-covered area. According to the soil-water 
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Numerical Simulation
Model establishment: HYDRUS 2D/3D (PC-Progress, Prague, Czech Republic) software was used to simulate the soil salt movement in 2013. The width of the simulation region was 2470 cm. The model simulated the soil down to 200 cm, which was divided into 10-20 cm layers. The simulation period was 164 days, from 20 April 2013 to 30 September 2013. The time step was adjusted according to the number of convergence iterations using a variable time step subdivision method [20] . The soil hydraulic model adopted Van Genuchten-Mualem in the software.
The upper boundary of the model consisted of a film-covered area, a dripper area, and bare land between films. The film-covered area was set as a zero-flux boundary, the bare land between films was set as an atmospheric boundary, and the dripper area was set as a variable flow boundary. According to the observation wells, groundwater depth in the test area fluctuated during the irrigation season (April-October) between 1.75 and 2.1 m, and the groundwater depth during the non-irrigation season was below 2.2 m, as shown in Table 1 . The crops planted in this experiment were cotton, and drip irrigation under film was adopted. Cotton was sown on 15 April and harvested on 30 September. Samples were taken three times during the whole growth period. The HYDRUS model was used to simulate the salt transport during the whole growth period. The simulated values were verified by measured values. On this basis, we used the HYDRUS model to predict the return of salt in autumn. In this study, the reference crop evapotranspiration was calculated by the Penman-Monteith formula, and the crop water demand was estimated by Formula (1) . The crop coefficient adopted the cotton standard crop coefficient recommended by FAO-56 (Food and Agriculture Organization of the United Nations), and then the irrigation schedule was determined according to the local irrigation experience, as shown in Table 2 . Winter snow cover in Xinjiang melts in early April, and the upper layer of soil becomes nearly saturated. To study the change in the salt discharge effect under drip irrigation leaching at different distances from the underground pipe, sampling points were set at 8, 16, and 24 m ( Figure 4 ) to analyze the change in soil salinity. Three sampling points were set for each distance, and the distance between sampling points was 3 m. The sampling points were all in the film-covered area. According to the soil-water ratio of 1:5, the EC value of the soil sample was measured by DDS-11A (Shanghai Thunder Magnetic, Shanghai, China) digital conductivity meter. 
The upper boundary of the model consisted of a film-covered area, a dripper area, and bare land between films. The film-covered area was set as a zero-flux boundary, the bare land between films was set as an atmospheric boundary, and the dripper area was set as a variable flow boundary. In October 2012, a concealed pipe was buried in the field with an inner diameter of 70 mm and a buried depth of 2.2 m. The initial salt content of each sampling point was collected after sowing on 15 April 2013. In order to simplify the initial conditions of the model, the average salt content of each soil layer was calculated ( Table 3) . During the test, samples of each soil layer and pipe drainage water were collected on 25 May 2013, 20 July 2013, and 30 September 2013, taking into account the irrigation cycle and crop growth season. At sampling, twist drills were used to collect samples every 20 cm. The final depth of sampling was 200 cm. Pipe drainage water was sampled in three 500 ml bottles per sampling time, the salt contents were determined by drying, and the average value was taken. In our study, the "breakthrough curve (BTC)" was used to deduce the hydrodynamic dispersion coefficient. Breakthrough curve (BTC) refers to the curve of the relationship between the relative concentration [C(t) − C 0 ]/(C 1 − C 0 ) of a certain section and time or volume when air-dried soil samples are loaded into soil columns, the bulk density is strictly controlled, tracers are continuously and constantly injected into the soil, and then solute is transported in the soil. It is a basic curve reflecting solute transport in unsaturated soil. In addition, sodium chloride solution was used as tracer in this test. 
The upper boundary of the model consisted of a film-covered area, a dripper area, and bare land between films. The film-covered area was set as a zero-flux boundary, the bare land between films was set as an atmospheric boundary, and the dripper area was set as a variable flow boundary. The underground pipe region was set as the permeation boundary, and the left, right, and lower boundaries were set as zero-flux boundaries.
According to the measured the contents of clay, silt, and sand in the study area, the characteristic soil parameters were selected in the HYDRUS database ( Table 4 ). The software simulated drip irrigation under film, and the precipitation during the cotton growth period was small, so the influence of precipitation on water and salt transport was ignored. To obtain the best fit between measured and simulated values, the revised hydrodynamic dispersion coefficients were adjusted on the basis of the breakthrough curve (BTC), and the revised hydrodynamic dispersion coefficient ( Table 5 ) was given. The water uptake parameters of cotton root were shown in Table 6 according to previous research results [21] . The salinity stress response function adopted the Threshold Model in Multiplicative Model and selected Threshold and Slope values corresponding to cotton in the database of HYDRUS, as shown in Table 6 . According to meteorological data from Paotai Meteorological Station, reference crop evapotranspiration was calculated according to the Penman-Monteith formula [22] , as shown in Figure 5 . Potential evaporation and potential transpiration were calculated according to Equations (1), (2), and (3). The mean square error (RMSE) was used to verify the reliability of the simulation results, whose calculation formula is Equation (4) [23, 24] .
where ET p is the potential evapotranspiration rate, cm·d −1 ; K c is the crop coefficient of cotton; ET 0 is the reference crop evapotranspiration rate, cm·d −1 ; E p is the potential evaporation rate, cm·d −1 ; T p is the potential transpiration rate, cm·d −1 ; ∆ is the slope of saturated vapor pressure curve, kPa· • C −1 ; R n is the net solar radiation, MJ/m 2 d; L is the latent heat of vaporization of water, MJ kg −1 ; γ is the psychrometric constant, kPa· • C −1 , and LAI is leaf area index.
where x i is the measured value; y i is analog value; n is the number of samples. Table 4 . Characteristic parameters of soil.
Soil Sandy Loam
Note: γ is the average soil bulk density; θ r is the residual volume moisture content of soil; θ s is the saturated volume moisture content of soil; α is a parameter related to soil physical properties; n is the empirical coefficient; K s is the saturated hydraulic conductivity of soil; l is the parameter of porosity correlation. Note: P0 is the negative pressure value when the soil void is completely filled with water; P0pt is the negative pressure value corresponding to the maximum amount of soil capillary rising water; P2 is the negative pressure value when soil capillary water breaks due to surface evaporation and crop absorption; P3 is the negative pressure value corresponding to permanent wilting of crops; Threshold is the value of the minimum osmotic head (the salinity threshold) above which root water uptake occurs without a reduction; Slop is the slope of the curve determining the fractional root water uptake decline per unit increase in salinity below the threshold.
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Model Application
To describe the distribution and dynamic change in salt in the root layer during the growth period and before the soil froze, we established a numerical model again on the basis of the above numerical simulation to simulate the return of salt in autumn. During salt return in autumn, the upper boundary of the model was set as the atmospheric boundary, and the precipitation and irrigation amounts were set to 0. The simulation was carried out under bare soil condition.
Observation nodes were respectively set under and between the mulching films of the numerical model, and the change of the average value of soil salinity was used to represent the change of the total salt in the whole simulation area.
Basic Equations of the Model
Considering the water uptake by crop roots, the equations used were as follows:
where (ℎ) is the volume moisture content of soil, cm 3 ·cm −3 ; h is the pressure head, cm; (ℎ) is unsaturated soil hydraulic conductivity, cm·d −1 ; t is time, x is transverse coordinate, z is vertical coordinate, and provide that z is positive upward; S is the source and sink term, which means the water absorption rate of the root system, that is, the volume of water absorbed by the root system in unit volume of soil in unit time, d −1 . 
Model Application
Basic Equations of the Model
Soil Water Transport Equation
where θ(h) is the volume moisture content of soil, cm 3 ·cm −3 ; h is the pressure head, cm; K(h) is unsaturated soil hydraulic conductivity, cm·d −1 ; t is time, x is transverse coordinate, z is vertical coordinate, and provide that z is positive upward; S is the source and sink term, which means the water absorption rate of the root system, that is, the volume of water absorbed by the root system in unit volume of soil in unit time, d −1 .
Van Genuchten Formula for Soil Hydraulic Function
where K s is saturated hydraulic conductivity of soil, cm·d −1 ; θ e is relative saturation of soil; θ r is the residual volume moisture content of soil; θ s is the saturated volume water content of soil; n, m, and α are all empirical parameters. Among them, m = 1 − 1/n, and α is a parameter related to soil physical properties; l is the parameter of porosity correlation, and the average value is usually 0.5.
Basic Equation of Salt Transport in the Model
where c is solute concentration, g·cm −3 ; q i is the infiltration rate, cm·d −1 ; D ij is the dispersion coefficient,
Root Water Absorption Adopts the Modified Feddes Model
where α h, h ϕ , x, z is the soil water and salt stress function; h ϕ is osmotic pressure, cm; b(x, z) is the root distribution function, cm −2 ; S t is the surface length associated with transpiration, cm; T p is the potential transpiration rate, cm·d −1 .
Results

Analysis of Measured Salt Data
From Figure 6 , compared with the initial salt content, soil salinity evidently decreased within the depth range of 0-80 cm. With the increase in soil depth, the decrease degree of soil salinity gradually decreased. In the depth range of 80-200 cm, the soil salt content gradually changed from decreasing to increasing compared with the initial salt content. The peak value of soil salt content gradually migrated downward throughout the cotton growth period and finally migrated from 80-100 cm to 140-160 cm soil depth. This showed that while salt moved downward with irrigation water, the upper soil salt supplemented the lower soil salt.
The salt content at a depth of 20 cm on 30 September was higher than that on 25 May and 20 July. This was because after film mulching was removed in late September, soil salt accumulated on the soil surface again due to strong evaporation.
The average salinity of water samples from pipe drainage, measured three times, was 92.8 g/L. The salinity of groundwater and irrigation water samples obtained from observation wells and west bank canals was 10.3 g/L and 0.96 g/L, respectively, which were far less than the salinity of water samples discharged from underground pipes. This shows that most of the salt discharged from the underground pipe comes from soil. Long-term use of pipe drainage can alleviate the salt accumulation caused by drip irrigation under film. Figure 7 shows the comparison between the simulated value and the measured value of soil salinity. The simulated values were in good agreement with the measured values.
Verification of Numerical Model
From Tables 7 and 8 , it can be seen that RMSE of simulated and measured values at different distances were smaller, R² was larger, and the fitting effect was better, which shows that the measured and simulated values of soil salinity at different distances were not considerably different, and the parameters were more reliable. Figure 7 shows the comparison between the simulated value and the measured value of soil salinity. The simulated values were in good agreement with the measured values.
From Tables 7 and 8 , it can be seen that RMSE of simulated and measured values at different distances were smaller, R 2 was larger, and the fitting effect was better, which shows that the measured and simulated values of soil salinity at different distances were not considerably different, and the parameters were more reliable. After the mulching film was removed in late September, the soil salt content in the surface layer of the soil increased rapidly due to evaporation, and the soil salt content in the 40-80 cm soil layer did not change significantly (from the 160th day to the 220th day in Figure 8 ). Soil froze in the test area in late November, before which the soil salt content (EC 1:5) in the surface layer of the soil increased to between 4.18 and 5.26 mS·cm −1 , while the salt content (EC 1:5) in the soil below 40 cm depth basically did not change after it decreased to between 3.11 and 4.18 mS·cm −1 (Figure 8 ). After the mulching film was removed in late September, the soil salt content in the surface layer of the soil increased rapidly due to evaporation, and the soil salt content in the 40-80 cm soil layer did not change significantly (from the 160th day to the 220th day in Figure 8 ). Soil froze in the test area in late November, before which the soil salt content (EC 1:5) in the surface layer of the soil increased to between 4.18 and 5.26 mS·cm −1 , while the salt content (EC 1:5) in the soil below 40 cm depth basically did not change after it decreased to between 3.11 and 4.18 mS·cm −1 (Figure 8 ). Figure 9 shows a graph illustrating the change in average EC values (in and between the mulching films) at a depth of 0-80 cm and a distance of 0-8, 8-16, and 16-24 m from the underground pipe. The desalinization rate of soil at the seedling stage (on 25 May) was 9.53%, 8.95%, and 7.85%, respectively, compared with that before sowing (on 15 April). Compared with the seedling stage (on 25 May), the desalinization rate of soil in the flowering stage (on 20 July) was 2.98%, 2.13%, and 3.62%, respectively. Compared with the flowering stage (on 20 July), the desalinization rate of soil at the harvest stage (on 30 September) was 4.05%, 2.35%, and 1.72%, respectively. Compared with the harvest period (on 30 September), soil salinity increased by 8.21%, 10.78%, and 11.19%, respectively, before the soil froze (on 27 November). During the growth period of cotton, the desalinization rate of soil in the depth range of 0-80 cm gradually decreased, and the desalinization rate in the early stage was much higher than that in the late stage. With the increase in distance from the underground pipe, the desalinization rate of soil tended to decrease. This shows that desalinization mainly occurred in the stage of irrigation and salt washing. During the salt returning stage in autumn, the soil salinity increased gradually in the depth range of 0-80 cm, and the degree of increase in soil salinity at 0-8 m was less than those at 8-16 m and 16-24 m. It could be seen that the average EC values of the soil decreased after the salt returning stage in autumn, which indicated that the underground pipe discharged salt. Compared with before sowing (on 15 April), the average EC values before the soil froze (on 27 November) decreased by 3.03%, 2.48%, and 2.36% (0-8, 8-16, and 16-24 m, respectively). The amount of salt discharged from 0-8 m soil mass was larger than that of the latter two soil masses, and the amount of salt discharged from the latter two soil masses was not considerably different. It could be seen that the average EC values of the soil decreased after the salt returning stage in autumn, which indicated that the underground pipe discharged salt. Compared with before sowing (on 15 April), the average EC values before the soil froze (on 27 November) decreased by 3.03%, 2.48%, and 2.36% (0-8, 8-16, and 16-24 m, respectively). The amount of salt discharged from 0-8 m soil mass was larger than that of the latter two soil masses, and the amount of salt discharged from the latter two soil masses was not considerably different.
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returning stage in autumn, which indicated that the underground pipe discharged salt. Compared with before sowing (on 15 April), the average EC values before the soil froze (on 27 November) decreased by 3.03%, 2.48%, and 2.36% (0-8, 8-16, and 16-24 m, respectively). The amount of salt discharged from 0-8 m soil mass was larger than that of the latter two soil masses, and the amount of salt discharged from the latter two soil masses was not considerably different. Average EC values in soil/(ms·cm -1 ) Distance from drain pipe/m 
Discussion
Pan [24] , Zhang [25] , Tan [26] , Li [27] , and Yang [28] found that, when the irrigation quota was large enough, the salt content in the upper soil decreased, while the salt content in the wet front of the soil increased due to the downward migration of salt from the upper soil with the irrigation water. This study also found that during the growth period of cotton, after irrigation, the upper layer salt will migrate downward. Along with the growth period of cotton, the peak value of soil salt 
Pan [24] , Zhang [25] , Tan [26] , Li [27] , and Yang [28] found that, when the irrigation quota was large enough, the salt content in the upper soil decreased, while the salt content in the wet front of the soil increased due to the downward migration of salt from the upper soil with the irrigation water. This study also found that during the growth period of cotton, after irrigation, the upper layer salt will migrate downward. Along with the growth period of cotton, the peak value of soil salt content also gradually migrated downward and eventually migrated from 80-100 cm to 140-160 cm soil depth. Sulitan et al. [29] , through the experimental study of soil water and salt transport under drip irrigation under film, reported that, after irrigation, soil salt presented a two-way migration trend from the deep soil to the surface and from under film to between films, and did not continue to migrate downward. Our results do not agree with Sulitan's results in that during the growth period of cotton, after irrigation, because pipe drainage controls the groundwater level, the salt in the upper layer of the soil will continue to migrate downward along with the water. In late September, the cotton field became bare. Under the action of evaporation, the salt content in the surface soil increased rapidly, while the salt content in the soil layer below 40 cm did not change significantly.
Pipe drainage measures can effectively control the underground water level and drain soil salt. Zhang et al. [30] reported that the desalinization rate of the 0-30 cm soil layer was 74.8-95.4% at the buried depth of the pipes (1.2 m) after leaching for 43 days by flood irrigation under pipe drainage. Heng et al. [31] conducted field irrigation and drainage tests based on different buried depths and pipe diameters. The results showed that the desalination effect of 0.6 m depth of buried pipe was higher than that of 1.0 and 1.4 m depths, with the average desalting rate reaching 57.04%. The results of the present study showed that in the 0-80 cm soil layer, the average desalinization rate reached 43.52% under the mulching films, and the average desalinization rate reached 13.83% under and between the mulching films compared with that before sowing, which was less than the above studies.
There were two main reasons for these discrepancies. On the one hand, the depth of the soil layer was different, and the desalinization rate of the soil would decrease with increasing soil depth. On the other hand, the buried depths of the underground pipes were different, and shallow burial of underground pipes would increase the desalinization efficiency of the soil layer above the underground pipes. However, the salt was not completely drained by the underground pipes, and a larger part was leached to the soil layer below the underground pipes. In addition, indicators such as underground pipe spacing, soil type, crop planting mode, and irrigation schedule would also affect the desalinization rate of each soil layer.
Many studies [13, 32, 33] have shown that the desalinization rate of soil at different sections is inversely proportional to the distance from the underground pipe. The closer to the underground pipe, the greater the desalinization rate, and the farther from the underground pipe, the smaller the desalinization rate [34, 35] . This is similar to our research, but the difference is that the average desalinization rate of 0-8 m soil is greater than that of 8-16 m and 16-24 m soil, but the difference between the latter two is very small.
After returning salt in autumn, the average EC value at 0-200 cm soil depth decreased by 2.60% on average compared with that before sowing. This further showed that most of the salt was leached to the lower layer of soil. Some remained in the soil and some dissolved in groundwater and were drained by the underground pipes. However, the total amount of salt in the soil of this model will continuously decrease after long-term use.
Conclusions
The combination of drip irrigation under film and pipe drainage has made the desalination effect of the soil root layer prominent. The simulated values obtained by the HYDRUS 2D/3D software were in good agreement with the measured values. The maximum RMSE and minimum R 2 of soil salinity were 0.1954 mS·cm −1 and 0.8107, respectively, which were within the acceptable range.
Under the conditions of pipe drainage and drip irrigation under film, compared with before sowing, the average desalinization rate reached 43.52% under the mulching films in the 0-80 cm soil layer, and the average desalinization rate reached 13.83% under and between the mulching films. After the cotton harvest, the salt content in the upper layer of the soil increased, and compared with the harvest period before the soil froze, the salt content in 0-80 cm soil increased by 10.06% on average.
Compared with before sowing, salt content at 0-80 cm soil depth decreased by 5.14% on average after salt inversion in autumn, and salt content at 0-200 cm soil depth decreased by 2.60% on average, which indicates that the total amount of salt in the soil will continuously decrease after long-term use of drip irrigation and salt drainage by underground pipes.
In this experiment, 10 instances of irrigation were conducted, and the irrigation quota was 720 mm. The first irrigation amount was 180 mm, and the irrigation amount was 60 mm every 10 days in every growth period (except for the seedling period) of cotton. The results show that the irrigation schedule can not only meet the water demand of cotton, but also achieve the purpose of drainage and salt discharge from underground pipes.
